Flaviviruses have a monopartite positive-stranded RNA genome, which serves as the sole mRNA for protein translation. Cap-dependent translation produces a polyprotein precursor that is co-and posttranslationally processed by proteases to yield the final protein products. In this study, using tick-borne encephalitis virus (TBEV), we constructed an artificial bicistronic flavivirus genome (TBEV-bc) in which the capsid protein and the nonstructural proteins were still encoded in the cap cistron but the coding region for the surface proteins prM and E was moved to a separate translation unit under the control of an internal ribosome entry site element inserted into the 3 noncoding region. Mutant TBEV-bc was shown to produce particles that packaged the bicistronic RNA genome and were infectious for BHK-21 cells and mice. Compared to wild-type controls, however, TBEV-bc was less efficient in both RNA replication and infectious particle formation. We took advantage of the separate expression of the E protein in this system to investigate the role in viral assembly of the second transmembrane region of protein E (E-TM2), a second copy of which was retained in the cap cistron to fulfill its other role as an internal signal sequence in the polyprotein. Deletion analysis and replacement of the entire TBEV E-TM2 region with its counterpart from another flavivirus revealed that this element, apart from its role as a signal sequence, is important for virion formation.
Flaviviruses, i.e., members of the genus Flavivirus, family Flaviviridae, comprise a number of medically important, mostly arthropod-transmitted pathogens, including tick-borne encephalitis virus (TBEV), yellow fever virus (YFV), West Nile virus, the dengue viruses, and Japanese encephalitis virus (28) . Flavivirus virions are small enveloped particles that are assembled from only three structural proteins. The capsid (or core) protein C, together with the unsegmented positive-stranded RNA genome, forms the nucleocapsid, which is surrounded by a host-derived membrane into which the two surface proteins M (derived from a larger precursor, prM, by a late proteolytic cleavage event) (39) and E are anchored by carboxy-terminal anchor regions that span the membrane twice in an antiparallel orientation (34, 45, 46) .
The transmembrane regions of both prM and E are composed of a tight hairpin structure with two interacting antiparallel transmembrane alpha helical segments called TM1 and TM2. These hairpin structures have been observed by cryoelectron microscopy (45) , but their contact sites have not been identified precisely. One puzzling feature of flavivirus envelope proteins is that they do not appear to protrude through the viral membrane into the interior of the virion and therefore do not make substantial contact with the nucleocapsid (45, 46) . This implies that the coordination of flavivirus assembly must depend on mechanisms other than specific interactions between the capsid and the envelope proteins. Flaviviruses are formed intracellularly, apparently by budding into the lumen of the endoplasmic reticulum (ER), although budding intermediates are rarely observed (28, 34) . The membrane-anchored proteins prM and E are synthesized as heterodimers that are oriented into the lumen of the ER membrane and associate into higher-order structures that eventually form a curved surface lattice with icosahedral symmetry (26, 39, 47) . These interactions in the viral envelope appear to be the guiding force for virion budding, but it is still unclear how this is coordinated with engulfment of the nucleocapsid. In fact, budding frequently occurs without the participation of the nucleocapsid, resulting in the formation and release of highly structured but capsidless subviral particles (1, 10, 17, (22) (23) (24) .
The flavivirus genomic RNA contains a 5Ј cap structure and serves as the only viral mRNA for protein synthesis (28) . The genome encodes all of the viral proteins in a single long open reading frame, whose primary translation product is a polyprotein that requires co-and posttranslational cleavage by a combination of viral and cellular proteases to form the individual structural and nonstructural proteins. A series of internal signal sequences within the polyprotein establishes its correct topology in the ER membrane, where replication and assembly occur (28) .
The strategy of using a polyprotein precursor is common among positive-strand RNA viruses, allowing them to optimize their genomes to encode a maximum of genetic information within a minimal genome size. This is necessary because viral RNA-dependent RNA polymerases are error prone and would otherwise introduce too many mutations into each copy of the genome for the virus to thrive (8, 37) . The polyprotein strategy also allows multiple usages of particular sequence elements in various contexts and provides for temporal and spatial control of assembly through concerted cleavage events, which sometimes involve functionally important intermediate cleavage products. In the case of flaviviruses, the coordinated processing of the junction between the C-and prM-coding regions by the viral protease and host signalase is believed to be important for retaining the envelope proteins and capsid components at the site of virion assembly since, as mentioned above, flavivirus budding does not appear to involve specific interactions between these elements (27, 29, 40) .
While the economy of the polyprotein strategy provides certain advantages for the virus, it can, at the same time, make it more difficult for the researcher interested in studying the role of individual proteins and functional elements in isolation. For example, although previous studies examining assembly of capsidless subviral particles have suggested that the TM2 region of the flavivirus protein E might be dispensable for virion assembly (2, 35) , this has not been tested directly in an infectious system because this same region serves simultaneously as an internal signal sequence in the polyprotein, which is required for translocation of the nonstructural protein NS1 and establishing the correct orientation of the remaining nonstructural proteins relative to the ER membrane. Disrupting it would be expected to disrupt polyprotein processing in general. We were therefore interested in finding out whether it is possible to construct a viable artificial flavivirus genome in which the surface proteins (pr)M and E are encoded in a separate cistron and therefore separate from the normal polyprotein precursor. The feasibility of this approach had already been suggested by an earlier study in which single-round infectious particles could be produced using a replicon from which the region encoding prM and E of TBEV had been deleted and was instead provided in trans by a packaging cell line (11) . Furthermore, in other studies it was shown that TBEV can be used as a bicistronic (bc) expression vector by inserting an internal ribosome entry site (IRES) from encephalomyocarditis virus (EMCV) and an enhanced green fluorescent protein (EGFP) reporter gene into a nonessential variable region in the 3Ј noncoding region (3Ј-NCR) of the genome (11, 14) . Now, we demonstrate that an artificial bicistronic TBEV genome, in which the portion of the viral open reading frame encoding the prM and E proteins had been removed from its normal context and placed under the control of a heterologous IRES element inserted into the 3Ј-NCR, can be successfully packaged and incorporated into infectious virions that are readily propagated in cell cultures and in mice. The constructs used in this study, however, were significantly impaired in terms of efficiency of RNA replication and virion production. Nevertheless, we were able to use the bicistronic construct to study the functional role of the second transmembrane (TM2) region of the E protein separately from its other role as an internal signal sequence in the polyprotein. The use of sequential C-terminal deletions in this region revealed that TM2, independent of its role in the polyprotein precursor, is important for virion assembly. Furthermore, a construct in which the TM2 sequence was replaced by the corresponding element from another flavivirus, yellow fever virus, was severely impaired, suggesting a requirement for interaction of specific amino acids in TM2 with another viral component, most likely the TM1 element of the same protein.
MATERIALS AND METHODS
Cells and virus. BHK-21 cells were grown in Eagle's minimal essential medium (Sigma) supplemented with 5% fetal calf serum (FCS), 1% glutamine, and 0.5% neomycin (growth medium) and maintained in Eagle's minimal essential medium supplemented with 1% FCS, 1% glutamine, 0.5% neomycin, and 15 mM HEPES, pH 7.4 (maintenance medium).
Western subtype TBEV prototypic strain Neudoerfl or its derivative mutant ⌬R88 (9) was used as a control in all experiments. The biological properties of the wild-type (wt) strain Neudoerfl, including virulence, have been previously characterized in detail (31) , and its complete genomic sequence is known (GenBank accession no. U27495). Mutant ⌬R88 carries a single point mutation which renders protein prM resistant to furin cleavage and therefore generates noninfectious immature virus particles but exhibits unaltered RNA replication and particle release (9, 21) .
Plasmids and cloning procedures. All plasmids were derivatives of a previously described infectious cDNA clone system, which contains cDNA corresponding to the entire genome of Western subtype TBEV strain Neudoerfl (GenBank accession no. U27495) inserted into the vector pBR322 under the control of a T7 transcription promoter (30) . One such derivative, plasmid pTNd/ ⌬ME, encodes a TBEV replicon RNA lacking the structural proteins (pr)M and E and was described previously (11) . The same replicon, but with an IRES-EGFP cassette replacing the variable region of the 3Ј noncoding region, can be transcribed from plasmid pTNd/⌬ME-EGFP, which was characterized in a previous publication (12) . The bc mutants analyzed in this study were constructed by replacing the EGFP gene of plasmid pTNd/⌬ME-EGFP by the genes coding for proteins prM and E.
Various plasmids were generated to code for bc constructs that differed at the C-terminal end of the protein E gene in the second transmembrane region (E-TM2). Plasmid pTNd/bc contained an intact E-TM2, whereas pTNd/bc⌬5, pTNd/bc⌬10, and pTNd/bc⌬24 had this region truncated at the carboxy-terminal end by 5, 10, and 24 codons, respectively. Finally, pTNd/bcYF was made by replacing the TBEV E-TM2 with the homologous region of the YF virus genome. RNAs transcribed from these plasmids and the resulting viral mutants are referred to as bc, bc⌬5, bc⌬10, bc⌬24, and bc YF RNA or virus.
Plasmid pTNd/bc⌬24 was constructed in two cloning steps. First, the prM and E coding region was assembled from two fragments and used to replace the EGFP reporter gene in the commercially available plasmid pIRES2-EGFP (Clontech) to put the prM/E genes under the control of the ECMV IRES contained in this plasmid. The first of these two fragments was generated by PCR and contained a BstXI restriction site at its 5Ј end, followed by an artificial ATG start codon placed in a sequence environment optimized for translation according to Kozak's rules, namely, that of two further artificial codons for the amino acids Val and Gly, which were then fused to the protein prM coding sequence, including the natural signal sequence that precedes it, starting with residue Asp-100 of the TBEV polyprotein and extending to a unique AgeI restriction site at position 960 of the TBEV genome near the junction of the prM and E protein coding regions. The primer sequences (termed p-BstXI and p-AgeI) used for the construction of this fragment are listed in Table 1 . The second fragment was derived by digestion of the previously described plasmid SV-PE472 (2) with enzymes AgeI and NotI and comprised the entire coding region of protein E up to residue 472 (corresponding to the border between transmembrane regions 1 and 2) followed by an artificial stop codon. Then, the newly created IRES-prM/E cassette was excised, taking advantage of unique SacII and NotI sites, and was inserted in place of the IRES-EGFP cassette of plasmid pTNd/⌬ME-EGFP, resulting in plasmid pTNd/bc⌬24.
The other bc constructs were generated from pTNd/bc⌬24 by swapping fragments coding for the carboxy-terminal region of protein E, taking advantage of unique sites SnaBI (at position 1878 corresponding to the wild-type TBEV genome numbering) and NotI (behind the artificial stop codon). The introduced fragments were generated by PCR and differed from the removed fragment by the presence of part or all of the TBEV E-TM2 or the corresponding YF E-TM2 coding regions followed in each case by an artificial stop codon. The PCR primers that were used are also summarized in Table 1 . Sequences coding for partial or complete TBEV E-TM2 were "wobbled" (7) to avoid instability of the plasmids which may arise from homologous recombination with the second copy of the E-TM2 sequence in front of the NS1 gene, where it acts as a signal sequence for this protein (compare the structure of pTNd/⌬ME as described by Gehrke et al.) (11) .
As a replication-negative control, mutant ⌬NS5 was used as described in previous studies (19, 21) . This mutant has a large deletion removing approximately one-fifth of the protein NS5 (the viral replicase) gene and part of the 3Ј-NCR. As another control, ⌬CME, a previously characterized replicon lacking most of the region coding for the structural proteins (11), was used. This replicon is fully competent for RNA replication but cannot produce or export viral particles.
All plasmids were amplified in Escherichia coli strain HB101, and new con-structs were verified by sequence analysis of at least all of the regions that were modified or newly inserted in the course of the cloning procedures. RNA manipulations. RNA was synthesized by in vitro transcription from various plasmids with T7 RNA polymerase (Ambion T7 Megascript transcription kit) as in previous studies (9, 20) . Template DNA was degraded by incubation with DNaseI for 15 min at 37°C, and the RNA was purified using an RNeasy Mini kit (QIAGEN). The correct size and integrity of the RNA was checked on agarose gels as described previously (21) . RNA concentrations were estimated from band intensities or, as specified in the text, measured spectrophotometrically (21) . Equal amounts of RNA were then introduced into BHK-21 cells by electroporation, applying two subsequent pulses (setup values of 1.8 kV, 25 F, and 200 ⍀) with a Bio-Rad Gene Pulser as in previous studies (9, 12, 20) .
Real-time PCR was performed using a pair of primers and a probe specific for a portion of the NS5 gene, as described in detail elsewhere (21) .
Protein expression studies. Protein expression of RNA-transfected BHK-21 cells was analyzed qualitatively by immunofluorescence (IF) staining or quantitatively by fluorescence-activated cell sorter (FACS) analysis.
For IF analysis, RNA-transfected cells were seeded in 24-well cluster plates containing microscope coverslips or, in subsequent infection experiments, cells in such plates were inoculated with virus-containing supernatants. Intracellular protein expression was detected by indirect IF assay after fixation and permeabilization of cells using acetone-methanol (1:1). For specific detection of protein E or NS1, monoclonal antibodies directed against E (A5) (16) (dilution 1:50) or NS1 (6E11) (18) (dilution 1:75) were used. In passaging experiments, viral proteins were visualized using a polyclonal rabbit anti-TBEV serum which can be used for both structural and nonstructural protein detection (unpublished data). Staining was performed using a secondary fluorescein-isothiocyanate-conjugated anti-rabbit or anti-mouse antibody (Jackson ImmunoResearch Laboratories) as appropriate.
For FACS analysis, transfected cells were seeded into 25-cm 2 tissue culture flasks and collected from individual flasks at various time points after detachment with trypsin. Cells were then washed three times with phosphate-buffered saline (PBS) supplemented with 2% bovine serum albumin (BSA) and counted in a Casy 1 TT cell counter (Schärfe Systems). A total of 200,000 cells were fixed with lysing solution and permeabilized using Perm2 solution (Becton Dickinson) (diluted 1:10 with PBS prior to usage). Each incubation was followed by three washing steps with PBS containing 0.5% BSA. Each sample was divided into two halves (each containing 100,000 cells) and reacted with monoclonal antibodies directed against protein E (B2) (32) (dilution 1:2,000) as in a previous study or NS1 (6E11) (dilution 1:500) and then stained with fluorescein isothiocyanateconjugated anti-mouse antibody (Jackson ImmunoResearch Laboratories).
For quantitative comparison of expression levels, FACS analysis was carried out with a FACSCalibur flow cytometer (Becton Dickinson) (15mW argon laser, 488 nm) with a 530/30 bandpass filter (FL-1). The mutual main cell population was gated, and 10,000 events per sample were analyzed. CellQuestPro software (Becton Dickinson) was used for calculation of FL-1 geometric mean values. To account for differences in RNA transfection efficiencies and virus infectivity, mean values were calculated for the 10% of the cell population that exhibited the brightest fluorescence intensity. Changing the percentage of cells used for calculation (such as the brightest 5% of the cells) yielded slightly different numbers but did not change the proportions between the individual samples.
RNA replication and export. Intracellular RNA replication was monitored by real-time PCR as described in a recent study (21) . Briefly, equimolar amounts of purified in vitro-transcribed RNA were introduced into BHK-21 cells by electroporation. To remove noninternalized RNA, cells were washed four times with 20 ml growth medium supplemented with 5% FCS and then seeded into 25-cm 2 tissue culture flasks. Cells were collected at individual time points and counted, and cytoplasmic RNA was purified from defined numbers of cells and subjected to real-time PCR (PE Applied Biosystems) quantification.
To measure the export of RNA from transfected cells, cells were treated and intracellular RNA was measured in the same way as for RNA replication experiments, but in addition, aliquots of supernatants collected at the same time points were subjected to RNA quantification by real-time PCR. Supernatants were cleared by low-speed centrifugation to remove cell fragments containing nonspecifically attached RNA. Then, viral RNA was prepared using a QIAamp viral RNA Mini kit (QIAGEN) following the protocol provided by the manufacturer. Real-time PCR conditions were the same as for the quantification of intracellular RNA. A standard curve was prepared using a serial 10-fold dilution of an RNA preparation of a known concentration and the same medium and purification steps as for the samples. RNA concentrations determined from the aliquots of cell lysates and supernatants were used to calculate the total amount of intracellular and extracellular RNA present in each culture flask. Specific RNA export was then deduced from these numbers by calculating the percentage of the total RNA (intra-plus extracellular) that was in the extracellular fraction.
Particle analysis. BHK-21 cells were transfected with RNA and seeded into 20 tissue culture flasks (175 cm 2 ) and maintained with growth medium containing 5% FCS, which was replaced by maintenance medium with 1% FCS 18 h after transfection. Supernatants from all of the flasks were collected 96 h posttransfection and precleared by low-speed centrifugation. Particles were pelleted by ultracentrifugation at 44,000 rpm for 2 h at 4°C, resuspended in 1.2 ml TAN buffer (0.05 M triethanolamine, 0.1 M NaCl [pH 8], 0.1% BSA), and applied to a 12 to 50% sucrose gradient for rate zonal fractionation. Sucrose gradients were centrifuged at 38,000 rpm for 3 h at 4°C and then fractionated into 0.6 ml samples with a Biocomp gradient fractionator. The presence of virions in each sample was quantified by real-time PCR using the purification and cycling conditions described above. The total amount of RNA in all of the gradient fractions was calculated, and the percentage of the total in each individual sample was determined.
Infectivity and neurovirulence assays. Infectivity was assessed both in cell culture and in suckling mice. For cell culture experiments, transfected or infected BHK-21 cells were maintained for 6 days. Then, supernatants were harvested and cleared of cell debris by low-speed centrifugation, and 200-l aliquots were used without intermediate freezing to inoculate fresh cells in 24-well cluster plates. After 90 min, the inoculum was removed, and the cells were washed twice and then kept in maintenance medium. Intracellular expression of viral proteins was visualized 3 days later by indirect IF staining using a polyclonal rabbit serum that reacts with structural and nonstructural TBEV proteins.
To test infectivity in the most sensitive growth system available for TBEV, Mice were observed for 28 days for the development of disease symptoms. The presence of virus in the brains of diseased mice was verified by reverse transcription-PCR and sequence analysis. Serum samples were drawn from surviving mice and tested for seroconversion using a previously described antibody enzymelinked immunosorbent assay (15) . For the comparison of neurovirulence properties, litters of suckling mice were inoculated with equal amounts of virus-containing supernatants and monitored as described above for infectivity determinations except that the inocula were first standardized to contain exactly equal numbers of virions on the basis of the amount of genomic RNA measured by real-time PCR.
RESULTS

Construction of bicistronic TBEV mutants.
To investigate whether viable flavivirus particles can be made by providing prM and E from a separate cistron, the plasmid construct pTNd/bc was made by inserting the coding region for prM and E, under the control of the EMCV IRES, into the variable region of the TBEV 3Ј-NCR, which can be removed or modified without destroying the viability of the virus (31) . This construct was analogous to one used previously for expressing EGFP from an IRES in the same position (12) . This plasmid was used as a template for making a bicistronic TBEV genome by in vitro transcription. The resulting RNA transcript, called TBEV-bc (Fig. 1A) , retained the genes encoding the C protein and all of the nonstructural proteins in the natural "cap cistron" but had the entire coding region for the full-length prM and E proteins moved into the inserted 3Ј "IRES cistron" instead of in its normal position.
The modified cap cistron now lacked all of the region encoding proteins prM (including its signal sequence, which is also involved in regulating the maturation of protein C) and E except for the second transmembrane region of protein E (E-TM2), which simultaneously serves as the signal sequence for NS1 and is therefore required for proper expression and membrane topology of NS1 as well as the rest of the polyprotein (28) . Because this bifunctional sequence is duplicated in the bicistronic construct, the potential for genetic recombination between these two copies, if they were identical, could make the plasmid construct unstable in its bacterial host. Therefore, the codons in the 3Ј copy of TM2 (in the E protein Filled triangles indicate copies of the second transmembrane region of protein E (E-TM2), which in the wt genome simultaneously serves as a signal sequence for protein NS1. In the bc mutant, TM2 is present in two copies, once as a signal sequence for NS1 and once as part of the protein E anchor. To prevent genetic instability, the sequence of the second E-TM2 copy was wobbled, and the nucleotide and amino acid sequences of this altered element are shown below with the altered (wobbled) nucleotides of the synonymous codons underlined. (B) The three functional domains of E-TM2 (n, polar region, h, central hydrophobic region, c, domain required for signalase cleavage) are depicted. The amino acid sequence changes in the three truncation mutants and mutant bc YF, in which E-TM2 was replaced by the corresponding region from yellow fever virus, are shown below. Asterisks depict the residues in the YFV sequence that are different from those in the TBEV sequence.
of the IRES cistron) were "wobbled," i.e., replaced by synonymous codons with nucleotide changes at the third "wobble" position (7) as well as in other positions, where possible (Fig.  1A) , to prevent homologous recombination. The plasmid construct was stable in E. coli strain HB101, and the sequence of the entire region corresponding to the bicistronic viral genome was confirmed.
Bicistronic expression of envelope and nonstructural proteins in BHK-21 cells. To test for expression of the envelope proteins from the IRES cistron, full-length, plus-strand genomic RNA from the bicistronic construct was made in vitro from the pTNd/bc plasmid DNA template and expressed in BHK-21 cells. A full-length infectious RNA encoding the natural, unmodified TBEV genome, transcribed from the cDNA plasmid clone pTNd/c (30), was used as a control. Expression of protein E (from the IRES cistron) and NS1 (from the cap cistron) was detected by immunofluorescence assay or FACS analysis using specific monoclonal antibodies against each of these proteins ( Fig. 2A and B) . Cells transfected with TBEV-bc expressed both E and NS1, demonstrating that both cistrons were translated and that the IRES was functional. However, NS1 levels from the bicistronic construct were approximately half of those of the wild type, whereas E protein expression was 10 to 100 times lower with the bc RNA than with the wild-type RNA at all time points. These data not only suggest a generally reduced efficiency in the bicistronic system but also show that the intracellular ratio of E to NS1 (and thus presumably of both surface proteins, prM and E, to all of the other viral proteins, C and the nonstructural proteins) was lower with the bicistronic genome RNA than with the wild-type genome RNA. This reduced relative level of protein E expression indicates that translation of the 3Ј IRES cistron is apparently less efficient in this construct than that of the cap cistron. Although IRES elements are generally strong translation initiation sites (3, 4, 13) , it has been reported that in the context of bicistronic expression vectors, IRES translation is weaker than that of the Cap cistron (33) . Our result now demonstrates that this is also the case in the context of a bicistronic flavivirus genome.
Expression of flavivirus proteins depends on both RNA replication and translation. Translation is required for the formation of replication complexes, and RNA replication increases the number of templates with which translation can occur. We therefore also compared the relative rates of replication of these RNA molecules at two early time points using a recently established intracellular replication assay (21) . TBEV-bc was derived from the bicistronic expression vector ⌬ME-EGFP, which is a derivative of replicon ⌬ME (see Materials and Methods). In Fig. 2C , the intracellular RNA levels of the bc RNA 18 and 24 h posttransfection are shown in comparison to those obtained with the two parental constructs ⌬ME and ⌬ME-EGFP. Replication of ⌬ME-EGFP was approximately twofold less efficient than that of ⌬ME, indicating that insertion of the IRES-EGFP cassette somehow interfered with this process. An even stronger impairment was observed with the IRES-prM/E cassette in the bc construct (approximately eightfold reduction compared to that seen with ⌬ME), suggesting that IRES-driven translation of a longer cistron may conflict more with the replication process than that of a shorter gene. , is plotted in arbitrary units (a.u.) on a logarithmic scale. Immunofluorescence pictures of cells 4 days after transfection are shown to the right. Intracellular RNA levels per cell for the bc mutant and its parental replicons ⌬ME and ⌬ME-EGFP, as well for as a replicationnegative control (⌬NS5), were determined at the indicated time points by quantitative PCR. RNA detected 2 h posttransfection corresponds to residual input RNA.
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Assembly and secretion of virus particles expressed from the bicistronic construct. To investigate whether cells transfected with TBEV-bc RNA were able to synthesize and secrete viral particles containing the packaged bicistronic genome, the amounts of genomic RNA in the transfected cells and in the cell supernatant were measured at different time points using the real-time PCR assay. A replicon lacking all of the viral structural proteins (⌬CME) (11) , and therefore unable to make virus particles, was used as a negative control to assess the level of nonspecific release of RNA from dying cells, etc. The monocistronic ⌬R88 RNA, which releases wild-type levels of viral particles but is incapable of causing secondary infections (9), was used as a positive control.
In Fig. 3 , the number of RNA copies released each day after transfection is shown in panel A, and the ratio of extracellular to total (extracellular and intracellular) RNA is shown in panel B. Secretion of bc RNA was clearly detectable by 2 days after transfection and reached levels well above the background defined by ⌬CME, suggesting that packaging and export of this RNA had indeed occurred. However, the proportion of extracellular bc RNA remained almost 10 times lower than that of the wild-type control (Fig. 3B) . Since the relative amount of envelope protein produced with the bicistronic construct was shown above to be reduced compared to that seen with the normal monocistronic construct, the observed lower rate of RNA export might be primarily attributable to a smaller pool of envelope protein molecules (prM-E heterodimers) available for virion assembly, resulting in a smaller fraction of the RNA getting packaged. In addition, the fact that prM and E were not provided in their natural gene order, with its concerted cleavage events at the C-prM junction, but instead from a separate cistron probably also contributed to this significantly reduced export efficiency of the viral RNA.
To confirm that this extracellular viral RNA had actually been secreted in the form of viral particles, the cell culture supernatants were applied to sucrose density gradients to compare their sedimentation properties. After centrifugation, the gradient was fractionated by upward displacement, and the viral RNA in each fraction was quantified. The sedimentation profile in Fig. 4 confirms that the TBEV-bc RNA was secreted in the form of particles with a sedimentation behavior very similar to that seen with those made from the wild-type construct. These results indicate that viral assembly and packaging occur in this system, albeit with a much lower efficiency than that seen with wild-type virus, despite the changes made to the gene order and translation units.
Infectivity of assembled virus particles.
To test whether the viral particles synthesized from and carrying the bicistronic genome were infectious, BHK-21 cells were transfected with in vitro-synthesized RNA, and cleared supernatants collected 6 days later from these cells were used to infect fresh BHK-21 cells. This procedure was then repeated several times, each time using supernatant from the previous passage. At each passage, the cells were tested by IF assay for expression of viral proteins.
As shown in Fig. 5A , the supernatants of cells transfected with bc RNA, as with the wild-type control results, contained infectious material that could be further propagated through several passages, indicating that the particles containing the bicistronic genome are viable virions that are capable of entering cells and completing a new cycle of infection at each passage. However, the bc particles had a significantly lower specific infectivity than wt virus particles. The ratio of RNA copies to infectious particles was approximately 10 2 for the wt control but 10 3 to 10 4 for the bc virus. In these experiments, it was observed that the fluorescence intensity of cells infected with bc virus appeared to increase with increasing passage number, and the specific infectivity (as measured by the ratio of RNA copies to infectious particles) also increased to almost wild-type levels (data not shown), suggesting that adaptive mutations were being sequentially selected. Sequencing of the entire coding regions of both cistrons indicated no mutations at the amino acid level except for changes in protein E that probably increase the affinity for heparan sulfate (data not shown), as has been frequently observed previously with wild-type TBEV (25, 32) . Preliminary data indicate, however, that some adaptive mutations may involve the sequence within the inserted IRES. The identity and functional significance of these compensatory mutations are the topics of a currently ongoing investigation.
The data obtained using BHK-21 cells show that TBEV-bc is apparently an impaired, but still viable and infectious, mutant. To further compare its biological properties with those of wild-type virus, its neurovirulence in newborn mice was investigated. Cell culture supernatants were collected from BHK-21 cells 6 days after transfection and cleared by low-speed centrifugation. RNA was quantified, and an amount of virus corresponding to 40,000 RNA molecules (presumably 40,000 virus particles) was used for each 20 l mouse injection. Mice were then observed for 28 days after injection.
As shown in Fig. 6 , the virus obtained using the bicistronic construct was infectious and virulent in the mice, killing twothirds of them within 20 days. However, compared to the wild-type control results, the mice that were killed by the bc virus had a much longer mean survival time (12.1 Ϯ 4.6 days versus 4.1 Ϯ 0.3 days for wt virus), and several of the mice survived without seroconverting. This indicates that the bc particles were able to replicate and spread in vivo but were less neurovirulent than wild-type virus. Mutational analysis of the second transmembrane region of protein E. The physical separation of the NS1 and E genes into different cistrons in TBEV-bc provided an experimental system in which the functional importance of the TM2 region of protein E could be investigated by mutation without simultaneously disrupting its other function as the signal sequence for the NS1 protein. To test whether TM2 is still essential for virus particle formation under these conditions, a set of three deletion mutants was constructed (Fig. 1B) . One of these, bc⌬24, had all 24 amino acids of TM2 deleted, and the other two, bc⌬5 and bc⌬10, had 5 and 10 amino acids, respectively, deleted from the C-terminal end but retained the N-terminal portion of this transmembrane region.
As shown in Fig. 1B , the TM2 region has the essential features of a cleavable signal sequence (43, 44) , including a central hydrophobic "h" region (11 amino acids), which is preceded by a more polar "n" region (7 amino acids) and followed by a "c" region (6 amino acids) required for signalase cleavage. Deletion of the five C-terminal amino acids (bc⌬5) removed most of the c region, including its characteristic helixbreaking glycine residues as well as the alanine and valine residues at positions Ϫ1 and Ϫ3, respectively, that are important for recognition by signalase. However, this deletion left intact the central h region, the part of the signal sequence that is essential for targeting and membrane insertion (43) . Deletion of 10 residues (bc⌬10) resulted, in addition to the loss of the c region, in a truncation of the h region (from 11 to 7 residues) but nevertheless left more than the minimum of 6 residues reported to be essential for functionality (43) . In bc⌬24, the entire signal sequence (including all of n, h, and c) was deleted.
In addition to the three deletion mutants, a fourth mutant, bc YF, was constructed in which the entire TM2 region was replaced by the corresponding sequence from a different flavivirus, YFV. As shown in Fig. 1B , the YFV TM2 element is the same length as the one from TBEV, with a high degree of sequence conservation in the n and c regions but only two identical residues in the h region.
RNA was synthesized in vitro from each of these constructs as well as the plasmid encoding the full-length TBEV-bc and used for electroporation of BKH-21 cells. As shown in the left panels of Fig. 5B , cells transfected with each of these RNAs expressed viral proteins with apparently similar levels of efficiency, as judged from their fluorescence intensities. A FACS analysis of protein E and NS1 expression levels, like that presented in Fig. 2A and B, revealed no major differences between TBEV-bc and the deletion mutants either in terms of absolute fluorescence intensity or in the ratio of E to NS1 levels (data not shown). A quantitative PCR assay, like that shown in Fig.  2C , also did not reveal any major differences in RNA replication efficiency among the bicistronic constructs (data not shown). These short deletions in the TM2 region of the E protein therefore did not influence RNA replication or translation of either of the cistrons.
However, when supernatants from these constructs were transferred to fresh cells 6 days after transfection, only the mutant with the shortest deletion (bc⌬5) was able to infect new cells, albeit with relatively low efficiency (Fig. 5B, middle panels) . Furthermore, the bc⌬5 virus did not get propagated further by sequential passage of supernatants every 6 days (Fig.  5B, right panels) . Supernatants from cells transfected with the larger deletion mutants, bc⌬10 and bc⌬24, were completely unable to infect new cells even in the first passage. These data indicate that the presence of an intact TM2 element in the E protein is important for production of infectious virus particles. Mutant bc YF, which had an intact E-TM2 element but derived from a different but related flavivirus sequence, appeared to produce an extremely low level of infectious material in the first passage only and could not be propagated in further passages. This indicated that the presence of an intact TM2 element was necessary but not sufficient for infectivity and suggested that specific amino acid residues in the central h region, where the YFV E-TM2 is different from the TBEV sequence, are required for assembly of infectious TBEV virions.
The infectivity of these mutants was further investigated by injecting approximately equal volumes of BHK-21 cell supernatant, 6 days after RNA transfection, directly into baby mouse brain. Use of newborn mice has been shown previously to be about 100 times more sensitive than use of the cell culture assay for measuring infectivity of TBEV (31), so this was done to see whether any infectivity at all could be detected with the larger deletion mutants and bc YF. As summarized in Table 2 , viral particles made using the TBEV-bc construct with an intact TM2 element killed all of the mice. (The higher mortality of TBEV-bc in this experiment compared to the experiment whose results are shown in Fig. 6 can be explained by an approximately 100 times higher virus inoculation dose based on subsequent RNA measurements). Consistent with the immunofluorescence results, the supernatant from cells transfected with mutant bc⌬5 RNA killed 12 out of 14 mice, confirming that it contained infectious virus particles. In contrast, cell culture supernatants from BHK-21 cells transfected with bc⌬10 or bc⌬24 RNA did not appear to be infectious at all, and all of these mice survived without seroconversion. Interestingly, mutant bc YF, which had shown a very low level of infectivity in cell culture, did not infect any of the mice (no mice were killed and there was no seroconversion in any of the mice). In a second experiment, however, one of the mice injected with bc YF supernatant developed encephalitis and died. Sequence analysis confirmed that this mouse was indeed infected by mutant bc YF and that there were no adaptive mutations within the anchor region of protein E. This result indicated that bc YF indeed has a very low level of infectivity in both cell culture and mice. Requirement for TM2 for virus export. The experiments described above indicated that the presence of at least a partially intact TM2 region in protein E is important at some stage in the cycle of virus propagation in both cell culture and mouse brain, although deletions in this region did not seem to affect RNA replication or translation. To test whether the mutants with deletions in TM2 were able to make virus particles, the amount of viral RNA released into the supernatants of BHK-21 cells transfected with TBEV-bc, bc⌬5, bc⌬10, bc⌬24, and bc YF RNA was quantified as described above. To normalize for differences in absolute expression levels, the amount of RNA in the secreted particles was divided by the total amount of RNA in the supernatant and cell lysate together, as was done in the previous secretion experiment. Figure 7 shows the percentage of the total RNA in the extracellular fraction on day 3 after transfection with each RNA. This experiment confirmed that cells transfected with TBEV-bc RNA, encoding an intact E protein, secreted RNA-containing virus particles, with extracellular RNA levels reaching almost 10% of the total. The efficiency of particle secretion was approximately three times lower with bc⌬5, and very little extracellular RNA was observed with the larger deletions, bc⌬10 and bc⌬24, and with bc YF. These data fit very well with the infectivity experiments shown in Fig. 5B and Table 2 and provide evidence that deletion of even the C-terminal five amino acids of TM2 causes a significant impairment of the ability of TBEV to assemble into an infectious virion. This strongly suggests that, in addition to its important role as an internal signal sequence in the polyprotein, the TM2 region, as a functional component of the E protein, is also important for correct assembly of the virion. The strongly impaired functionality of bc YF further demonstrates that substitution of the corresponding TM2 element from another flavivirus is not sufficient for efficient assembly and suggests that interactions of specific amino acids in TM2 with other TBEV-specific elements (most likely TM1) play an essential role.
DISCUSSION
Viruses that use a single cistron to produce a polyprotein precursor have to adapt to a number of constraints imposed by this expression strategy, but the strategy also has certain advantages in terms of regulation of replication and assembly. One consequence of using a polyprotein is that all of the viral proteins are synthesized in equal molar ratios. This implies that these viruses either have adapted to using equal amounts of these proteins or have evolved mechanisms for accumulating necessary components at the right time and place and getting rid of ones that are in excess.
The polyprotein strategy also provides an opportunity for spatial and temporal coordination, since all of the structural and nonstructural proteins are synthesized from the same ribosome, and this would presumably facilitate the formation of replication and assembly complexes. In the case of the flaviviruses, this aspect appears to be especially important considering that budding is driven by the envelope proteins, which do not appear to make specific contact with the nucleocapsid and are capable of being released as empty subviral particles without first incorporating the nucleocapsid (1, 24) . This problem is, at least in part, overcome by the fact that the junction between the C and prM proteins contains two sites for proteolytic processing-one for the viral protease and one for cellular signalase. Cleavage of the signalase site is delayed until the upstream site is cleaved by the viral protease (27, 29, 40) , and this uncleaved precursor provides a temporary covalent connection between the envelope proteins on one side of the membrane and the capsid protein on the other and prevents premature budding of the envelope components. This has been demonstrated in studies in which this temporal regulation was disturbed by modifying the prM signal sequence to make cleavage by signalase independent of prior cleavage by the viral protease. In this situation, synthesis and release of subviral particles is favored at the expense of virion formation, resulting in a strong decrease in the amount of infectious virus released (27) . For this reason, it is somewhat surprising that it is possible to obtain infectious virus particles using the bicistronic genome described here and the trans complementation system described earlier (11) , because in these systems this level of coordination would be completely lacking due to the fact that the prM and E proteins are produced separately from the C protein. While these studies demonstrate that the presence of a covalent C-prM precursor is not an absolute requirement for virion assembly, it is nevertheless likely that this lack of temporal and spatial control is at least partially responsible for the low efficiency of TBEV-bc and its derivatives.
The artificial bicistronic construct was deficient in other ways as well. Comparison of the E and NS1 protein ratios in cells transfected with TBEV-bc RNA and the normal monocistronic RNA showed that envelope protein expression efficiency was 10 to 100 times lower when expressed from the foreign IRES in the 3Ј-NCR. This confirms an earlier observation by Mizuguchi et al. (33) nonstructural proteins that otherwise arises naturally from using a single polyprotein precursor, and this unbalancing of the molar ratios of these components is probably also partly responsible for the lowered efficiency of packaging of RNA into infectious particles by TBEV-bc. We also observed that the rate of replication of TBEV-bc RNA was low compared to that seen with the monocistronic control. This is most likely due to a disruption of RNA replication caused by the presence of the IRES in the 3Ј-NCR. This idea is supported by our observation that some adaptive mutations associated with improved growth and a higher specific infectivity in cell culture after multiple passages were in the IRES element itself, and we speculate that binding of ribosomes to the IRES-driven cistron might hinder replication of the viral RNA. It is also interesting that we have not observed any adaptive mutations in the capsid or surface proteins of TBEV-bc over multiple passages, except for commonly observed point mutations in the ectodomain of E protein that are related to increased affinity for heparan sulfate and are very frequently selected when wild-type or mutant TBEVes are grown in BHK-21 cells (25, 32) . Moreover, sequence analysis after multiple passages did not provide any evidence for genetic instability or the accumulation of defective genomes as one might have expected for a bicistronic flavivirus genome.
The ability of our artificial bicistronic construct to make infectious particles and to complete multiple replication cycles allowed using it to investigate the function of the C-terminal membrane anchor region of the E protein by mutational analysis without disturbing the membrane topology and processing of the polyprotein encoding the capsid and nonstructural proteins. While earlier studies had indicated that the first transmembrane segment, TM1, is important for the formation of subviral particles and retention of the prM-E complex in the ER (2, 35, 36) , it remained unclear whether the second transmembrane segment, TM2, actually has a function other than serving as a signal sequence for the NS1 protein, which immediately follows it in the polyprotein precursor (Fig. 1A) and is normally translocated into the lumen of the ER. Using a transient expression system for expression of TBEV prM and E, it was shown previously that a truncated E protein lacking TM2 was still able to assemble and secrete subviral particles, although these particles did appear to be less stable than ones containing the full-length E protein (2). In another study using a comparable expression system, it was shown that insertion of single alanine residues at various positions in the TM1 and TM2 regions of both prM and E of yellow fever virus severely impaired secretion of subviral particles and that some of these mutations also abolished infectious virus particle production when introduced into the viral genome (35) .
The use of high-resolution cryoelectron microscopy made it possible to see the orientation of the transmembrane regions of both prM and E protein in intact mature dengue virus virions and showed that each forms a tight hairpin structure consisting of antiparallel alpha helices that are in contact with each other and are buried in the viral membrane (45) . These anchor regions do not protrude into the interior of the virus particle, and there is no direct contact between the anchor elements of prM and E in the mature virion. These structural data suggested that these TM2 regions are not only signal sequences for the next protein in the translation unit but also form half of a defined structural element by which each of these proteins is anchored in the membrane. Whether having these structures in their intact form is a prerequisite for virion assembly or infectivity, however, was still not known.
We have now shown that removal of even the last five amino acids of the TM2 element of the TBEV E protein severely impairs the release of virus particles containing the artificial bicistronic genome and that larger deletions seem to abolish it altogether. This suggests that the double membrane anchor formed by TM1 and TM2 plays an essential role in flavivirus virion assembly. Computer calculations using the "DAS" transmembrane prediction server (www.sbc.su.se/ϳmiklos/DAS/) indicated that TM2 truncated by five residues still has a strong propensity for membrane integration, whereas removal of 10 residues more likely forces the remainder of TM2 to remain in the lumen of the virus where it may interfere with capsid interactions. However, mutant bc⌬24, which entirely lacked TM2 and thus cannot extend to the viral interior, was also not infectious. Furthermore, TM2 could not be efficiently replaced by the corresponding functional element from YFV, although this element clearly had the same membrane topology as the natural TBEV-TM2. These observations suggest that TM2 is involved in specific amino acid interactions which are essential for infectivity. Although the most obvious explanation would be that specific TM1-TM2 interactions are required, it is also possible that interactions of TM2 with other components are important at earlier stages of assembly and/or maturation, before the mature virion is formed.
It is interesting that the membrane anchor topology of the flaviviruses differs significantly from that of another member of the family Flaviviridae, hepatitis C virus. Like the flavivirus prM and E proteins, the hepatitis C virus E1 and E2 proteins have two transmembrane segments at their C termini, the second of which serves as a signal sequence for the following protein. However, unlike those of the flavivirus proteins, their TM2 regions undergo a topological reorientation after signalase cleavage, with their C-terminal ends moving from the luminal to the cytoplasmic side of the membrane, and this change is important for E1E2 heterodimer formation, membrane anchoring, and ER retention (6, 42) .
Alphaviruses, which are members of a different family of enveloped viruses (Togaviridae), have an envelope protein, E1, that is structurally and functionally related to the flavivirus E protein (38) . The membrane anchors of the alphavirus surface proteins, however, span the membrane only once, and the virion is organized in part by direct and specific transmembrane contacts between the nucleocapsid and the E1E2 protein complexes (5, 41) . Because the entry functions (receptor binding and membrane fusion) mediated by these proteins are very similar to those of flavivirus envelope proteins, it seems unlikely that the second membrane spanning plays an essential role in these functions. The differences are more likely related to differences in the mechanisms of assembly of these viruses.
Finally, the ability to use artificial bicistronic flavivirus genomes to make viable viruses is of interest for the development of attenuated strains. The TBE-bc construct used in this study showed reduced neurovirulence in mice compared to the wildtype monocistronic construct, but this might have been largely due to generally lower replication efficiency. The expression of E protein from the IRES in the 3Ј-NCR was rather inefficient with the particular construct used in this study, and the resulting alteration in the normal stoichiometry of viral proteins probably contributed to its reduced virulence in mice. The principle that expression from the second cistron could possibly be fine tuned to produce the desired ratio of envelope proteins (and immunogenic subviral particles) to nonstructural proteins and other components is one that deserves further consideration.
